A physics-based device simulation was used to study the charge carrier distribution and the electric field configuration inside simplified two-dimensional models for pixel layouts based on the ATLAS pixel sensor. In order to study the behavior of such detectors under different levels of irradiation, a three-level defect model was implemented into the simulation. Using these models, the number of guard rings, the dead edge width and the detector thickness were modified to investigate their influence on the detector depletion at the edge and on its internal electric field distribution in order to optimize the layout parameters. Simulations indicate that the number of guard rings can be reduced by a few hundred microns with respect to the layout used for the present ATLAS sensors, with a corresponding extension of the active area of the sensors. A study of the inter-pixel capacitance and of the capacitance between the implants and the high-voltage contact as a function of several parameters affecting the geometry and the doping level of the implants was also carried out. The results are needed in order to evaluate the noise and the cross-talk among neighboring pixels when connected to the frontend electronics.
Introduction
The LHC is planning to increase its design luminosity from 10 34 to 1-1.5 Â 10 35 cm À 2 s À 1 through an upgrade program that should be completed by 2018 [1] . This increase in luminosity will have two main consequences for the ATLAS Inner Tracker. The radiation damage to the sensors and the electronics will be much higher with respect to the first phase of the LHC. The addition of a B-layer at a reduced distance from the interaction point (37 mm instead of the present 50 mm) will make this point even more critical. An equivalent 1 MeV neutron fluence of 10 16 n eq cm À 2 is foreseen at that radius, a factor 10 higher than the fluence expected for the present detector.
A second consequence of the luminosity upgrade will be the rise in the detector occupancy. A reduced pixel size will probably be necessary and the tracking capability could benefit from the reduction of the detector thickness and improved sensor layout. In addition to the planar pixel technology, also other solutions are being investigated, such as 3D sensors [2] and diamond sensors [3] . Even for the standard planar pixel technology, the HEP community will need to re-design the detector in view of the challenges linked to the high luminosity, taking advantage of the evolution in electronics and semiconductor industry which took place in the last ten years.
The sensor simulation
In this paper we present a simulation developed to study the electrical features of different layouts of planar pixel sensors, in view of the construction of the ATLAS Insertable B-Layer (IBL) and the SLHC upgrade. The main goal is to optimize the sensor layout and to improve the tracking performance. The role of the simulation in this process has many aspects. Among others, the limited space available for the IBL and the general need to go as close as possible to the interaction point will make sensor shingling unpractical: the active area of the sensor has to be maximized, through a careful study of the guard ring and edge region; the detector thickness must be reduced to improve the material budget, favoring the full depletion of the sensor at high dose. The device thinning requires a precise evaluation of sensor properties, such as pixel capacitance; the radiation damage at different stages of the detector lifetime will influence the depletion voltage, changing under certain conditions the detector capability to collect charge. All these effects need to be studied with the simulation. At the same time, in parallel with the simulation process, a prototype submission has been commissioned to a few foundries [4] . Measurements on the produced sensors and test structures will allow to refine the parameters used in the simulation through an iterative process. The option considered in the simulation for the sensor production are both the n-in-n technology, similar to the one used in the present ATLAS detector, and n-in-p devices. For each hypothesis, variations in the number of guard rings and guard ring configurations (position, spacing, distribution) have been simulated. Different detector thickness values have been investigated. The effect of radiation damage has been introduced and different dose scenarios have been considered.
The simulation software
We used the Silvaco TCAD simulation software framework [5] , produced by Silvaco International INC. In the framework of this application, the devices can be built with two alternative approaches. The fabrication process can be simulated if the fabrication parameters (implantation energies, doses, diffusion temperature and duration, oxidation) are known in detail. If this is not possible, the devices can be built directly through definition of regions and their properties (doping, implant sizes, depths, profiles etc). Both approaches have been used in this work.
The simulation solves the Poisson equation and the continuity equation on a lattice inside the device, taking into account the charge distribution from impurity ionization, the trap-levels in the bandgap (Shockley-Read-Hall generation recombination model [6] ) the charges released from impact ionization (Crowell-Sze model [7] ).
The behavior of the detector after irradiation is simulated through a model of the defect energy state distribution. This allows to extract the depletion voltage [8] , the double peak in the electric field and the space charge sign inversion for n-bulk detectors [9] [10] [11] . A surface charge layer has been introduced in the irradiation scenarios to simulate surface damage to the oxidesilicon boundary.
The device geometry
At this stage, we used a simplified 2D model for the detector (see Fig. 1 ). We considered an half-infinite geometry in x and y, thus assuming that the effects we are studying are not influenced by the finite size of the device in these directions. A specific model has been used to reproduce the electrical properties of the edge cut, which acts as a conductive channel in the presence of a potential difference. The border region has been built as amorphous Silicon, with a gradual transition towards the crystal structure over a span of about 20 mm. A continuum of levels has been introduced in the bandgap [12] . The detector thickness is 300 mm. The guard ring configuration is critical to control the drop of potential at the edge of the detector and to protect against breakdown. It determines the active area of the detector, by granting an undepleted region (even if as thin as possible) at the edge. The behavior of the structure is influenced not only by process parameters but also by radiation damage. For this reason, an optimization of the layout needs to be made considering the different phases of the detector lifetime.
The n-in-p devices
The simulated n-in-p sensors are built starting from a 2 kO cm high resistivity substrate. N + implantation doses in the range Breakdown potential and the presence of breakdown locations have been studied for the different designs, together with the voltage distribution across the guard ring region and the behavior of the edge. A summary of the simulated breakdown voltages of Fig. 1 . Example of the half-infinite geometry with reference axes. In this picture the configuration for n-in-n sensors is shown: 3D view of the sensor (top) and YZ cross-section (bottom). The same pixel orientation is used for n-in-p devices. unirradiated sensors as a function of the pixel and p-spray implantation doses is given for the model A, B and C devices in Tables 1-3. The effect of radiation damage is then introduced and the study repeated. A three-level model, as described in Ref. [13] is used. The effect of oxide charge is simulated by adding a layer of charge (2 Â 10 12 cm À 2 ) in the Silicon-oxide interface. The default value of oxide charge density for un-irradiated sensors was 10 11 cm À 2 . Even if the submitted detectors and test structures are not yet available, we tested the reliability of this model by using measurements made on existing n-in-p structures before and after a 5 Â 10 15 n eq cm À 2 irradiation. The potential distribution across the guard ring region for the real devices and the simulation is presented in Fig. 3 . The agreement, even if not perfect is still remarkable, considering the rather high dose.
The breakdown voltages for n-in-p devices of model A, with a 3.16 Â 10 12 cm À 2 p-spray implantation dose, after a simulated fluence of 10 15 n eq cm À 2 are given as example in Table 4 as a function of the initial implant concentrations.
The baseline of the study for the n-in-p devices is that all the models have a wide range of the parameters for which the breakdown voltage results of the order of 600 V or larger, thus preventing discharge effects, and the edge insulation is good. It has to be noted indeed that in the heavy irradiation scenarios ðn eq 4 10 15 cm À2 Þ the detectors are not fully depleted anymore at 600 V, thus the charge collection is only partial. Nevertheless the detector can still be efficiently operated under these conditions, as other studies have shown, see for example Refs. [14, 15] .
The n-in-n devices
The simulated n-in-n sensors are built using a 10 12 cm
n-doped substrate with 10 18 cm À 3 doped implants presenting a Gaussian profile in depth ð1 mmÞ. The layout configuration is similar to the C model for n-in-p devices and sets of 16, 15, 13 and 12 guard rings are used. The potential drop distribution in the guard ring region has been analyzed for the different configurations as shown in Fig. 4 . The study has been then repeated for different radiation doses. In Fig. 5 , the voltage distributions at 600 V are presented for the 16 guard ring sensor layout and fluences going from 0 to 10 15 n eq cm À 2 . The plot indicates that the drop of potential across the guard ring region becomes less uniform with the dose and the innermost guard rings tend to be . The guard ring numbering convention starts from 1 for the innermost guard ring and increases for outer guard rings with their distance from the pixel. less efficient. In particular the electrical field distribution inside the sensor has been simulated at different doses to study the presence of points of breakdown or high current and to analyze the distance of the depleted region from the edge. As in the case of the n-in-p sensors, there is indication that the breakdown is still manageable to about 600 V, even if at fluences larger than 10 15 n eq cm À 2 the detectors are not fully depleted anymore (see Fig. 6 ).
Thinning and pixel capacitance
Reducing the sensor thickness can be very important to maintain a reasonable material budget, in order to reduce multiple scattering and preserve the tracking performance. On the other hand, the signal collected with thinned sensors is smaller than for thicker ones. This plays a role in the optimization of the readout electronics. Capacitance evaluation for different thickness hypothesis is needed in order to extrapolate the detector performance in terms of noise and charge sharing. For this reason, the pixel capacitance has been studied in the simulations for different thickness options. The size of the pixels has been considered to be 50 Â 400 mm 2 (for direct comparison with the present detector) and 50 Â 250 mm 2 . The same baseline parameters used in the simulation of the n-in-n devices have been used. Since we used a 2D simulation, the capacitance towards the neighbours has been obtained by calculating a ''per-unit-length capacitance'' with structures 1-mmÀwide along the side facing the corresponding neighbours. The contribution to the total capacitance has then been computed by multiplying this value for the actual pixel width in this direction. Presently only unirradiated sensors have been simulated.
The main result of the capacitance study is that in the considered configurations the most important contribution is given by the capacitance towards the first neighbour pixels. The capacitance towards the second neighbours is negligible, as well as the capacitance towards the backplane. The total capacitance is of the order of 100 fF. Fig. 7 shows the capacitance dependence on the sensor thickness, the pixel size, the pixel doping and the p-spray doping concentrations. This study still needs to be extended to irradiated devices.
Conclusions
The electrical behavior of n-in-p and n-in-n pixel sensors has been simulated for different equivalent fluences. Different values have been used for the process parameters. Many guard ring configurations have been used to optimize the protection against breakdown and to keep the depletion region away from the edges, minimizing the dead area at the same time. Even if the simulation is still at a preliminary stage, there is indication that in many layouts it is possible to gain a few hundreds of microns of active area with respect to the present ATLAS sensors, which present a total guard ring plus edge region of about 1.8 mm, thus improving the detector performance.
Simulations indicate that it will be possible to operate the considered detectors even at high fluence without reaching the breakdown voltage, even if the depletion will be only partial.
The capacitance dependence on the geometry, thickness and process parameters has also been studied for unirradiated sensors. The capacitance simulations still need to be extended to irradiated devices. C1 is the capacitance towards the first neighbours, C2 versus the second ones, C3 versus the third ones and Cb versus the back.
